
Mapping the Forest Type and Land Cover of Puerto Rico, a
Component of the Caribbean Biodiversity Hotspot

E. H. HELMER, O. RAMOS, T. DEL M. LÓPEZ, M. QUIÑONES, AND W. DIAZ

International Institute of Tropical Forestry, USDA Forest Service, P.O. Box 25000,
Río Piedras, Puerto Rico 00928, USA. ehelmer@fs.fed.us

ABSTRACT.—The Caribbean is one of the world’s centers of biodiversity and endemism. As in similar
regions, many of its islands have complex topography, climate and soils, and ecological zones change over
small areas. A segmented, supervised classification approach using Landsat TM imagery enabled us to
develop the most detailed island-wide map of Puerto Rico’s extremely complex natural vegetation cover.
Many Caribbean forest formations that are not spectrally distinct had distributions approximately separable
using climatic zone, geology, elevation, and rainfall. Classification accuracy of 26 land cover and woody
vegetation classes was 71 % overall and 83 % after combining forest successional stages within image
mapping zones. In 1991-92, Puerto Rico had about 364,000 ha of closed forest, which covered 41.6 % of the
main island. Unlike previous island-wide mapping, this map better identifies the spatial distributions of
forest formations where certain groups of endemic species occur. Approximately 5 % of Puerto Rico’s forest
area is under protection, but the reserve system grossly underrepresents lowland moist, seasonal evergreen
forests.

INTRODUCTION

Mapping the distributions of vegetation
types and human land uses provides criti-
cal information for managing landscapes to
sustain their biodiversity and the structure
and function of their ecosystems. Because
vegetation type can link to species compo-
sition or habitat types, vegetation maps
provide crucial information for biodiver-
sity conservation planning. Spatially ex-
plicit inventories of vegetation types and
land cover permit comparisons between
particular vegetation distributions and dis-
tributions of land cover, land-cover change,
expected climate changes, and protected ar-
eas. Although the interpretation of satellite
imagery is useful for mapping vegetation
type (Scott et al., 1993, Muchoney et al.,
2000), it poses important challenges to
mapping vegetation in regions with com-
plex topography and climate.

This study focuses on satellite-image
based mapping and related challenges for
the complex Caribbean island of Puerto
Rico. The subject requires attention because
tropical areas with complex topography are
particularly important for biodiversity con-
servation. Such tropical mountainous areas

comprised 11 of 25 “biodiversity hotspots”
identified by Myers et al. (2000) after evalu-
ating species endemism and habitat loss
caused by human disturbance. Seven
hotspots included or consisted of complex
tropical islands. In fact, “almost all tropical
islands fall into one or another hotspot”
(Myers et al., 2000), because high species
endemism combines with proportionally
extensive habitat loss. The Caribbean re-
gion is one of the “hottest hotspots,” where
11.3 % of the region’s original primary veg-
etation contains 2.3 and 2.9 % of the world’s
endemic plants and vertebrates, respec-
tively (Myers et al., 2000). Unfortunately,
“lack of species and ecosystem inventory
data currently hinders development of
biodiversity conservation strategies, which
are needed at a time of intense develop-
ment pressures” (Oldfield and Sheppard,
1997). Addressing this problem requires
overcoming the remote sensing and map-
ping challenges that occur in the Carrib-
bean, where diverse biotic, climatic, and
topographic conditions combine to pro-
duce a landscape with varied vegetation
communities.

Mapping natural vegetation and land
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use with satellite imagery in complex tropi-
cal areas is difficult. First, ecological zones
and illumination angles change over small
areas, leading to spectral confusion in
which varied vegetation communities have
similar spectral signatures. Second, the
ranges of forest successional stages pro-
duced by human disturbance compound
spectral confusion (Helmer et al., 2000), but
their distinction is important for evaluating
ecosystem processes. Third, persistent
cloud cover often requires combining satel-
lite images from different dates, thus fur-
ther complicating image-based mapping.

A final challenge to mapping tropical is-
land vegetation is that spatial scale and
class resolution become critical. The spatial
and class resolutions of recent global and
sub-continental ecoregion and land-cover
maps (e.g. Dinnerstein et al., 1995; Hansen
et al., 2000; Loveland et al., 2000) are too
coarse for biodiversity conservation on
tropical islands. For example, while map-
ping ecological zones of Latin America and
the Caribbean, Dinnerstein et al. (1995)
grouped over 10 major Puerto Rican eco-
logical zones into two: moist and dry for-
ests. In Puerto Rico, generalizing forest
types extends the apparent distribution of
endemic species with narrow distributions.
For example, the vegetation of serpentine
soils includes many endemic species (e.g,.
Garcia, 1991; Cedeño-Maldonado and
Breckon, 1996). Existing global- or subcon-
tinental-scale maps of Caribbean vegeta-
tion zones or land cover do not recognize
these areas as distinct.

The most recent land-cover map of Pu-
erto Rico is based on aerial photos taken in
1977 and 1978 (Ramos and Lugo, 1994). The
map includes mangrove forests plus four
cover-based woody vegetation classes. The
U.S. National Atlas map of forest cover
types (USDA and USGS, 2001) used this
data set for Puerto Rico and groups those
cover classes into just one: tropical broad-
leaf evergreen forest.

Previous maps for the island have not
depicted land cover in conjunction with
forest type beyond cover-based classes.
However, ecological zonation systems have
defined potential distributions of vegeta-
tion type. Published diagrams of zonation

systems include Puerto Rico Forest Regions
(Little and Wadsworth, 1964) and Vegeta-
tion Zones (Dansereau, 1966). Published
maps of ecological zones available in a geo-
graphic information system (GIS) include
Holdridge life zones (Holdridge 1967; Ewel
and Whitmore, 1973) and Holdridge life
zones superimposed on generalized geol-
ogy (Figueroa Colón, 1996). In addition,
Areces-Mallea et al. (1999) categorized in-
sular Caribbean vegetation types for con-
servation efforts based on US Federal Geo-
graphic Data Committee (FGDC, 1997)
standards. In this hierarchical system, life
form and percent cover define vegetation
classes, leaf phenology defines subclasses,
and leaf morphology defines groups within
subclasses. Groups contain formations, and
within formations there are floristically de-
fined levels of alliance and association. Al-
though some physiognomic factors may
define vegetation formations, most forma-
tions are groups of vegetation units broadly
defined by environmental factors, includ-
ing disturbance (FGDC, 1997).

The objectives of our study were to 1)
develop and evaluate a practical approach
to satellite-image based mapping of forest
type and land cover for Puerto Rico, in a
way that simultaneously addresses forest
succession, and 2) illustrate the usefulness
of the resulting map through comparing
the island-wide protected extents of the for-
est formations mapped.

MATERIALS AND METHODS

Study area

Puerto Rico’s land area is approximately
8900 km2. From northeast to southwest, in
the direction of the trade winds, coastal
semi-deciduous forests occur in bands and
patches along the north and east coasts. As
three major cordilleras force moisture-
carrying trade winds to higher altitudes,
moist, submontane and lower montane wet
and rain forests occur, including cloud for-
est formations. In the southern and west-
erly directions, rainfall decreases in the rain
shadow of major cordilleras, resulting in
moist followed by increasingly drier forest
formations. The largest climatic zone in-
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cludes moist broadleaf evergreen forest.
Forests have developed over alluvial, sedi-
mentary, volcanic, limestone, and serpen-
tine substrates.

Summary of Approach

We used the vegetation type classifica-
tion given by Areces-Mallea et al (1999).
First, we hierarchically related its woody
vegetation types to environmental factor-
based ecological zones and rainfall. This
step enabled us to identify satellite-image
mapping zones that corresponded with
groups of woody formations and land
cover and that were necessary for mapping
forest successional stages (Helmer et al.,
2000). Reference observations of these
woody vegetation formations and land
cover provided data for building separate
discriminant function models that classi-
fied satellite imagery from each mapping
zone. This approach limited labeling of
woody vegetation to one of a pre-deter-
mined group of 2 to 5 formations within the
boundaries imposed by the ancillary data
for each image mapping zone. Because for-
est formations were usually distinguishable
in aerial photos, however, a randomized
accuracy assessment permitted estimation
of errors including those that this limitation
introduced. A summary of protected ex-
tents of forest formations also evaluated
whether the image segmentation approach
usefully mapped the complex vegetation
formations on the island.

Vegetation classification system

In seeking a vegetation classification sys-
tem appropriate to the island-wide scale of
our analysis, and that would use Landsat
imagery, we adapted the hierarchical veg-
etation classification system of Areces-
Mallea et al. (1999). Since resources were
inadequate to collect sufficient field-
derived reference observations to map flo-
ristically-defined vegetation types, we
sought to map woody vegetation to its for-
mation level. Aerial photos could support
reference data for formation-level map-
ping. Environmental factors, including dis-
turbance, largely define these formations,

and most defining environmental factors
were directly or indirectly identifiable in
aerial photos and often in satellite imagery.
The formations in Areces-Mallea et al.
(1999) related hierarchically to a simplifica-
tion of Figueroa Colon’s (1996) GIS overlay
of life zone (Holdridge, 1967; Ewel and
Whitmore, 1973) and generalized geology
(Krushensky, 1995) (Table 1). Aggregating
the geoclimatic zones within a GIS resulted
in the satellite-image mapping zones in Fig-
ure 1, which would help overcome the
mapping challenge of spectral confusion
between vegetation formations and land
covers with similar spectral signatures.
Mapping to the formation level also al-
lowed us to add environmentally-defined
formations that Areces-Mallea et al. (1999)
did not include, such as serpentine forma-
tions and two forest successional stages for
several geoclimatic conditions. Moreover,
its hierarchical structure permitted later as-
signment of each class to the more general
classification systems used in the global
Forest Resources Assessment (FRA) (FAO,
1996, 1998) and Global Observation of For-
est Cover (GOFC) programs (GOFC Design
Team, 1999).

We aggregated Figueroa Colon’s geocli-
matic zones, as detailed in Table 1, if they
contained the same group of forest forma-
tions and land covers. For example, sedi-
mentary-moist, intrusive-volcanic, and ex-
trusive-volcanic moist zones formed one
image mapping zone because they con-
tained mainly seasonal evergreen forest
formations and similar land uses. We also
aggregated wet, rain, and lower montane
wet and rain forest zones on alluvial, sedi-
mentary, and volcanic substrate under the
assumption that satellite imagery plus digi-
tal elevation data could more precisely de-
lineate the distributions of cloud forest for-
mations. Modifications to the geoclimatic
zones included subsetting by rainfall (using
Calvesbert, 1970) the moist zone on karst
substrate in the northwest. Most of the
northern karst vegetation falls in the moist
life zone, but forest vegetation gradually
dries toward the coast to the point where
semi-deciduous forest dominates karst sub-
strates instead of the semi-deciduous and
seasonal evergreen mosaic of more humid
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TABLE 1. Satellite image mapping zones for Puerto Rico and associated woody vegetation formations.

Satellite image mapping zone1,2 Woody vegetation formations2

Dry forest—Alluvial Lowland dry semi-deciduous forest or woodland/
shrubland

Tidally and semi-permanently flooded evergreen
sclerophyllous forest

Dry forest3—Volcanic, Sedimentary, Limestone Lowland dry semi-deciduous forest or woodland/
shrubland

Lowland dry mixed evergreen drought-deciduous
shrubland with succulents

Dry and moist forest—Serpentine Lowland dry and moist, mixed seasonal evergreen
sclerophyllous forest with succulents

Moist forest—Alluvial Lowland moist evergreen hemi-sclerophyllous
shrubland

Lowland moist seasonal evergreen forest or forest/
shrub

Lowland moist coconut palm forest
Seasonally flooded evergreen forest
Tidally and semi-permanently flooded evergreen

sclerophyllous forest
Moist forest—Volcanic and Sedimentary Lowland moist seasonal evergreen forest or forest/

shrub
Lowland moist semi deciduous forest4

Moist forest with rainfall <1500 mm yr−1—Northern
Limestone5

Lowland moist semi-deciduous forest or forest/shrub

Moist forest with rainfall >1500 mm yr−1—Northern
Limestone5

Lowland moist and wet, seasonal evergreen and
semi-deciduous forest or forest/shrub

Wet and lower montane wet forest—Serpentine Submontane and lower montane wet evergreen
sclerophyllous forest or forest/shrub6

Wet and rain forest, lower montane wet and rain
forest—Volcanic, Sedimentary and Alluvial

Submontane wet evergreen forest
Active sun/shade coffee, submontane/lower mon-
tane wet evergreen forest/shrub, other agriculture
Submontane/lower montane wet evergreen forest/

shrub, active/abandoned shade coffee
Lower montane wet evergreen forest7—tall cloud for-

est
Lower montane wet evergreen forest7—palm and

elfin cloud forest
Lower montane wet evergreen forest—elfin cloud

forest

1Aggregated from Geoclimatic Zones in Figueoa Colón (1996), which overlay Holdridge life zones (Ewel and
Whitmore 1973) onto generalized geology (Krushensky, unpubl.). Volcanic refers to intrusive/plutonic and
extrusive/volcanoclastic geology.

2Forests are subtropical sensu Holdridge (1967) and broadleaf unless otherwise indicated; lowland refers to
forests from 0 to 400 m elevation. Both forest/shrub and woodland/shrubland refer to stands with a) 25-60%
cover of trees with distinct canopies and an under story of shrubs, seedlings or saplings, or b) dense shrubs,
seedlings or saplings, as indicated by a matrix of woody vegetation or a smooth canopy.

3The Dry-Volcanic/Sedimentary/Limestone Zone included southern limestone areas in the drier part of the
moist forest zone.

4Coastal areas in southeastern Puerto Rico.
5Northern Limestone refers to limestone areas north of the Central Cordillera with well-developed karst

topography and areas at the Cordillera’s southern edge.
6Includes forest in the rain forest zone sensu Holdridge (1967).
7Includes forest in the lower montane rain forest zone sensu Holdridge (1967).
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FIG. 1. Satellite image mapping zones used for segmenting classification.
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TABLE 2. Relationships between woody vegetation formations mapped in this study, formations in Areces-
Mallea et al. (1999), forest zones in Dansereau (1966), and forest regions in Little and Wadsworth (1964).

Woody vegetation formation,
this study

Woody vegetation formation,
Areces-Mallea et al. (1999)1

Vegetation zone2

Dansereau (1966)

Forest region3

Little and
Wadsworth

(1964)

Forest and shrubland—Dry and
Dry/Moist

Lowland dry semi-deciduous
forest or woodland/shrub-
land4

Lowland semi-deciduous wood-
land; Lowland and Lowland/
submontane drought-decidu-
ous woodland

SDF DCF, DLF

Lowland dry mixed evergreen
drough-deciduous shrub-
land with succulents4

Mixed evergreen drought-de-
ciduous shrubland with succu-
lents

SDF DLF

Lowland dry and moist,
mixed seasonal evergreen
sclerophyllous forest with
succulents5

— SDF LCF

Forest and shrubland—Moist and
Moist/Wet

Lowland moist seasonal ever-
green forest or forest/shrub6

Lowland seasonal evergreen for-
est

RF MCF, (low elev.
LCF, LLF)

Lowland moist semi-decidu-
ous forest or forest/shrub

Lowland semi-deciduous forest;
Evergreen shrubland

SEF, HSC, LRF MLF, MCF

Lowland moist coconut palm
forest

Lowland seasonal evergreen for-
est developed from Cocos nu-
cifera woodland plantation

RF MCF

Lowland moist evergreen
hemi-sclerophyllous shrub-
land

Evergreen hemi-sclerophyllous
shrubland

LIT MCF

Lowland moist and wet, sea-
sonal evergreen and semi-
deciduous forest or forest/
shrub7

Lowland semi-deciduous forest;
Lowland seasonal evergreen
forest; Evergreen shrubland

SDF, HSC MLF

Forest—Wet, Rain, Lower montane
Wet/Rain

Submontane and lower mon-
tane wet evergreen sclero-
phyllous forest with succu-
lents8

— LMRF, MF LCF

1Formations based in part on Dansereau (1966), and all are broadleaved unless otherwise indicated. Forest/
shrub formations would be termed as disturbed (Areces-Mallea, pers. comm.). Dash (—) indicates formations
not in Areces-Mallea et al. (1999).

2LIT—Littoral, RF—Lowland rainforest, SEF—Seasonal evergreen forest, HSC—Hill scrub, SDF—Semi-
deciduous forest, LMRF—Lower montane rainforest, MF—Montane forest, MSC—Montane scrub.

3MCF—Moist coastal forest, MLF—Moist limestone forest, DCF—Dry coastal forest, DLF—Dry limestone
forest, LCF—Lower cordillera forest, UCF—Upper cordillera forest, LLF—Lower Luquillo forest, ULF—Upper
Luquillo forest.

4Also see Murphy et al. (1995).
5Also see Garcia (1991) and Ewel and Whitmore (1973).
6Also see Aide et al. (1996), and Chinea (2002).
7Also see Chinea (1980), and Rivera and Aide (1998).
8Also see Caminero Rodriguez (1991), Cedeño-Maldonado (1997), Cedeño-Maldonado and Breckon (1996),

and Ewel and Whitmore (1973).
9Also see Ewel and Whitmore (1973), Scatena and Lugo (1995).
10Also see Weaver (1995).
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regions. We have seen no attempt to map
this feature of the landscape. A second
modification was extending the dry semi-
deciduous zone in the southeast to include
areas east of Guyama (based on Little and
Wadsworth, 1964).

As mentioned above, we added five
woody vegetation formations that structur-
ally defined a second, younger forest suc-
cessional stage, within all but the dry/
moist serpentine and alluvial satellite-
image mapping zones. Disturbance timing
and intensity drive these younger forma-
tions. We defined these stands as having
either 25-60 % cover of trees with crowns
visibly distinct in aerial photos that co-
dominate with shorter woody vegetation,

or young, dense stands of shrubs, seedlings
or saplings (as indicated by a continuous
but smooth canopy with more than ap-
proximately 40 % cover). Different stand
structures within this range are difficult to
distinguish in satellite imagery because
their spectral signatures are often similar
(Foody et al., 1996; Steininger, 1996; Helmer
et al., 2000). We used the term forest/shrub
(or woodland/shrubland within the dry
mapping zones) to identify these forma-
tions. For example, we termed younger
stands in moist zones as lowland moist sea-
sonal evergreen forest/shrub. By contrast,
stands with more than 60 % cover of trees
with canopies distinct in aerial photos were
termed lowland moist seasonal evergreen

TABLE 2. Continued.

Woody vegetation formation,
this study

Woody vegetation formation,
Areces-Mallea et al. (1999)1

Vegetation zone2

Dansereau (1966)

Forest region3

Little and
Wadsworth

(1964)

Submontane evergreen wet and
rain forest9

Submontane rainforest LMRF LLF, LCF

Active/abandoned sun and
shade coffee; submontane/
lower montane wet forest/
shrub; other agriculture9

Inga vera-Erythrina poeppigiana/
Cafea arabica forest; commercial
plantations

LMRF, MF LLF, ULF LCF,
UCF

Lower montane wet evergreen
forest—tall cloud forest10

Montane rainforest MF ULF, UCF

Lower montane wet evergreen
forest—palm and elfin cloud
forest10

Montane rainforest (palm);
Cloud forest (elfin); Evergreen
shrubland (highest peaks)

MF, MSC ULF, UCF

Forest—Flooded
Tidally and semi-permanently

flooded evergreen sclero-
phyllous forest (Mangrove)

Tidally (Mangrove) and semi-
permanently flooded ever-
green sclerophyllous forest

LIT DCF, MCF

Seasonally flooded evergreen
forest (Pterocarpus officinalis)

Seasonally flooded rainforest
(Pterocarpus officinalis)

LIT MCF

1Formations based in part on Dansereau (1966), and all are broadleaved unless otherwise indicated. Forest/
shrub formations would be termed as disturbed (Areces-Mallea, pers. comm.). Dash (—) indicates formations
not in Areces-Mallea et al. (1999).

2LIT—Littoral, RF—Lowland rainforest, SEF—Seasonal evergreen forest, HSC—Hill scrub, SDF—Semi-
deciduous forest, LMRF—Lower montane rainforest, MF—Montane forest, MSC—Montane scrub.

3MCF—Moist coastal forest, MLF—Moist limestone forest, DCF—Dry coastal forest, DLF—Dry limestone
forest, LCF—Lower cordillera forest, UCF—Upper cordillera forest, LLF—Lower Luquillo forest, ULF—Upper
Luquillo forest.

4Also see Murphy et al. (1995).
5Also see Garcia (1991) and Ewel and Whitmore (1973).
6Also see Aide et al. (1996), and Chinea (2002).
7Also see Chinea (1980), and Rivera and Aide (1998).
8Also see Caminero Rodriguez (1991), Cedeño-Maldonado (1997), Cedeño-Maldonado and Breckon (1996),

and Ewel and Whitmore (1973).
9Also see Ewel and Whitmore (1973), Scatena and Lugo (1995).
10Also see Weaver (1995).
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forest. Although the FGDC system classi-
fies woody vegetation with 25-60 % tree
canopy cover as woodland, we used the
term forest/shrub for younger stands in
humid zones because 1) shrub species can
co-dominate with tree species, and 2) most
stands will develop closed canopies. For
dry forests we used the term woodland/
shrubland for stands with structures simi-
lar to those described for forest/shrub; we
felt that this term described more appropri-
ately the structural range of younger stands
in the dry region because grazing or burn-
ing can maintain the zone’s woody vegeta-
tion in a relatively open or shrub-domi-
nated state.

We added Holdridge life zones to forma-
tion names because they played an impor-
tant role in defining woody vegetation for-
mations. Following Areces-Mallea et al.
(1999), we also added the term lowland to
formations occurring in the Holdridge
basal altitudinal zone (basal is not usually
included in life zone names), and we added
the term submontane to formations occur-
ring in wet life zones. To facilitate interpre-
tation of the woody vegetation formations
listed in Table 1, we related them to those
in Areces-Mallea et al. (1999) and to two
ecologial zonation systems for the island
(Table 2). For floristic information on these
formations, readers should consult Areces-
Mallea et al. (1999) and the bibliography
they used to build their classification. In
addition, Little and Wadsworth (1964)
compare Upper Cordillera with Upper Lu-
quillo forest (Table 2). Floristic information
for the formations that we added, which
Areces-Mallea et al. (1999) do not describe,
is available from Chinea (1980), Aide et al.
(1996), Rivera and Aide (1998), and Chinea
(2002) for moist and wet secondary forests
over limestone and volcanic substrates.
Garcia (1991), Caminero-Rodriguez (1991),
Cedeño-Maldonado and Breckon (1996),
Cedeño-Maldonado (1997), and Ewel and
Whitmore (1973) contain additional infor-
mation on forests developed over serpen-
tine substrates.

Image data

We used Landsat TM imagery dated 7
February 1991, 24 December 1991 (both

Path 4/Rows 47-48), and 19 August 1992
(Path 5/Rows 47-48). Georeferencing in-
cluded terrain correction and pixel re-
sampling to 30 m resolution. Transforming
all images to the TM Tasseled Cap bright-
ness, greenness, and wetness indices (Crist
et al., 1986) enhanced visual interpretation
of the imagery because these bands have
ecologically meaningful interpretations,
can be viewed in three-dimensional color
space, and minimize topographic effects
(Cohen et al., 1995). They derive from a
guided principle components analysis that
condenses the six visible bands in Landsat
TM imagery into three bands. Furthermore,
Helmer et al. (2000) showed that the TM
wetness band enhances distinction of tropi-
cal forest successional stage in complex
tropical regions. Reference data derived
from photo-interpreting NASA high defini-
tion Aerochrome-IR photos (scale 1:32,000;
dated January and February of 1991) and
from field visits made in 1999 and 2000.

Segmented approach to image interpretation

Geographic data ancillary to satellite im-
agery alleviates spectral confusion when
mapping natural vegetation types (Strahler,
1981; Skidmore, 1989; Ma et al., 2001), land
cover (Vogelmann et al., 1998), or forest
successional stage (Helmer, 2000). We
chose a segmented approach to image in-
terpretation to help overcome the challenge
of similar spectral signatures among differ-
ent vegetation formations and land cover.
In addition, work in montane Costa Rica
had indicated that information on ecologi-
cal zones would benefit efforts to address
forest successional stages. After collecting
reference observations for each image map-
ping zone, we segmented Landsat TM
scenes into the image mapping zones in
Fig. 1, and we separately built and applied
within each mapping zone a discriminant
function model that assigned a woody veg-
etation formation or land cover to each of
the satellite image pixels within that zone
(commonly referred to as a supervised
maximum likelihood classification). This
approach limited labeling of woody vegeta-
tion formation within each zone to one of
the major formations within that zone
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(Table 1). Digital elevation data with 30-m
resolution (Gesh et al., 2002) served as a
fourth data band in the image mapping
zone combining submontane with lower
montane zones.

We made many reconnaissance surveys
during 1999-2000, before the development
of reference observations (i.e., training data
for building satellite image classification
models). These surveys and extensive con-
sultation with experts on Puerto Rico’s for-
est vegetation (John Francis, J. Danilo Chi-
nea, Juan Ramirez, Julio Figueroa-Colón,
Sandra Molina, Ariel Lugo, and Fred Sca-
tena) enabled us to recognize various forest
formations in the aerial photos. Forest for-
mations were usually clearly distinguish-
able in the photos, and often also in the
satellite imagery, because their geology,
canopy texture, color tone, and other at-
tributes were recognizable. Exceptions oc-
curred in transitional areas between low-
land moist seasonal evergreen forest and
submontane wet evergreen forest, and in
transitional areas between lowland dry/
moist semi-deciduous forest and lowland
moist seasonal evergreen forest. Field sur-
veys frequently focused on these transi-
tional areas.

Training data for building satellite image
classification models derived from aerial
photos and from our reconnaissance sur-
veys. They consisted of 70-100 aerial photo-
derived point observations for woody veg-
etation formation and land cover within
each zone. Training data included high-
density urban areas, sunlit greened-up pas-
ture, sunlit senescent pasture, shadowed
pasture, and sunlit and shadowed woody
vegetation formations within each zone.
For example, in the higher elevation image
mapping zone, we collected separate sets of
reference data for submontane wet ever-
green forest, three classes of lower montane
wet (cloud) forest, and two spectral classes
that represented mixtures of coffee cultiva-
tion (Coffea sp.) and submontane and lower
montane wet forest/shrub. We did not in-
clude training data for coffee cultivation in
moist areas because currently it is not ex-
tensive there. Another example is the moist
alluvial zone, in which training data distin-
guished between lowland moist seasonal

evergreen forest, mangrove, seasonally
flooded forest dominated by swamp blood-
wood (Pterocarpus officinallis), and aban-
doned closed-forest coconut palm planta-
tions. Except for dry zones, pastures
included urban grasslands and could have
up to 25 % tree cover or about 40 % shrub
cover as long as they were apparently ac-
tive (as indicated by a matrix of grass).
Grass-dominated lands with up to about 25
% tree cover are generally difficult to reli-
ably distinguish in satellite imagery from
grass-dominated areas with no trees. In the
dry zones, pastures with up to 60 % woody
vegetation cover can still be active but are
indistinct in aerial photos and satellite im-
agery from recovering vegetation. Conse-
quently, the forest formation of lowland
dry semi-deciduous woodland/shrubland
includes pastures, which still likely un-
dergo grazing, that have 25-60 % woody
vegetation cover (Table 1).

Manual editing and interpretation

Another challenge in mapping complex
tropical areas is that the spectral signatures
of several agriculture classes are often simi-
lar to forest or urban areas. This occurred in
Puerto Rico even after segmenting the im-
agery. Consequently, we manually inter-
preted the satellite imagery (using aerial
photos as a guide) for sugar cane, plantain,
banana, mango, and citrus plantations.
Similar manual interpretation included re-
cently burned and bare agricultural fields,
which were spectrally similar to urban and
bulldozed areas; emergent wetlands, which
had highly variable spectral signatures; co-
conut palm plantations; and pineapple
plantations. Manual recoding was also nec-
essary for scattered moist semi-deciduous
forest stands along the southeast coast and
for confusion between urban and pasture
areas. In the dry forest zone, we manually
corrected for confusion between pasture
with less than 25 % tree or shrub cover and
mixed drought-deciduous shrubland with
succulents. Finally, we manually inter-
preted the few stands of lowland moist
hemi-sclerophyllous shrubland that were
large enough to be clearly visible in the im-
agery. The manually interpreted agricul-
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ture formed less than 6 % of the total area
mapped, while all other manually inter-
preted or recoded areas combined formed
1.6 % of the total mapped area.

Cloudy areas

Clouds cause difficulties in satellite-
image based mapping of complex tropical
areas. We used unsupervised clustering to
separate clouds, cloud shadows, and water
from the remainder of each Landsat TM
scene. Successive reclustering of confused
classes, followed by combining subclasses
of these elements, produced contiguous ar-
eas of clouds and cloud shadows. We then
filtered contiguous groups of less than 11
pixels, which usually did not represent
cloud elements or water (ERDAS, 1999).
Adding a 5-pixel buffer around the remain-
ing contiguous cloud elements allowed
masking of cloud and cloud shadow edges
that remained confused with non-cloud el-
ements.

Following separate classifications of the
image mapping zones in each eastern Pu-
erto Rico scene, cloud-free portions of the
classified February scene replaced cloud-
covered areas in the December scene. Sub-
sequent mosaics of image mapping zones
and scenes resulted in an island-wide map.
For remaining areas of cloud elements in
the imagery (less than 5 % of the total map
area), we overlaid data from the 1977-78
land-cover map (Ramos and Lugo, 1994)
that we reclassified to the land-cover and
natural vegetation classes mapped for
1991-92. Reclassification by the geoclimatic
zones that we used to segment the image
classification enabled us to translate into
forest formations the forest and shrub
classes from the 1977-78 data. High- and
medium-density canopy forests were re-
classified to forest, while forest with low-
density canopy cover and shrub were re-
classified to forest/shrub or woodland/
shrubland. Agriculture in the wet image
mapping zone in the west became the
mixed class that included coffee, wet ever-
green forest/shrub, and other agriculture
(the data did not distinguish between dif-
ferent types of coffee cultivation).

Accuracy Assessment

The 1991 NASA aerial photos were most
suitable for accuracy assessment because
the large study area relative to staff re-
sources made reliance on field data imprac-
tical (Zhu et al. 2000). Another advantage of
using aerial photos was that accessibility
would not affect the probability of an ob-
servation’s selection. Finally, the satellite
imagery was dated 1991-92 and the project
took place between 1999 and 2001. Conse-
quently, field-based accuracy assessment
was problematic for estimating accuracy of
land cover, because some land-cover
changes could have occurred.

A random sample of over 250 9-pixel
clusters (3 by 3 pixel groups), stratified by
the class of each cluster’s center pixel, pro-
vided data for accuracy assessment. The ac-
curacy assessment included manually in-
terpreted or recoded classes. Locating
clusters in the original satellite imagery fa-
cilitated their identification in aerial pho-
tos. We photo-interpreted the woody veg-
etation formation or land-cover class of
each pixel within each cluster, recording
the predominant as well as other classes
that mixed pixels apparently reflected. Us-
ing these observations, we estimated the
overall percentage of correctly classified
observations, the user’s and producer’s ac-
curacy for forest formations and land
cover, and the Kappa coefficient (Landis
and Koch, 1977), which measures accuracy
that accounts for chance agreement be-
tween classes in an error matrix. Producer’s
accuracy is the proportion of correctly-
classified accuracy assessment observa-
tions, while user’s accuracy estimates the
proportional assignment of pixels to a cor-
rect class.

Forest formation was not always distinct
in aerial photos of transitional areas be-
tween, for example, moist seasonal ever-
green and wet evergreen forest. Where
photo interpretation or our knowledge of
transitional areas was insufficient to iden-
tify forest formation, we recorded the most
likely forest formation and noted the tran-
sition type. Staff resources were insufficient
to field-check the 5 % of accuracy assess-
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ment observations located in transitional
areas between forest formations.

Global forest cover classification systems

To facilitate using the data in global-scale
forest cover evaluations, we identified the
class of each forest formation for two clas-
sification systems used in global forest
monitoring efforts: the GOFC (GOFC De-
sign Team, 1999) and FRA systems (FAO,
1996, 1998) (Table 3). The GOFC system
classifies upland forest according to four
variables: leaf type (needle leaf, broadleaf,
mixed), leaf longevity (evergreen, decidu-
ous, mixed), canopy cover (10-25 %, 25-40
%, 40-60 %, 60-100 %), and canopy height
(0-1 m low shrub, 1-2 m tall shrub, >2 m
trees). This system recognizes flooded for-
est as a separate class.

For the GOFC system, we classified Pu-
erto Rico’s moist and dry broadleaf semi-
deciduous forests as broadleaf mixed for-
ests. We distinguished semi-deciduous
forest from the mosaic of semi-deciduous
and evergreen forests that occur in the karst
area. We also grouped each forest/shrub
class with its corresponding forest forma-
tion because the forest/shrub areas gener-
ally have over 60 % total woody vegetation
cover.

In the FAO (1998) system, natural closed
forest has tree cover in the various under-
stories and under growth of over 40 % and
does not have a continuous dense grass
layer. Although our forest/shrub had tree
cover of 25-60 %, it does not have a con-
tinuous grass layer and its canopy could
reach at least 5 m on maturity, so it is clas-
sifiable as closed forest. Most forest/shrub
is not forest fallow because shifting cultiva-
tion is not significant in Puerto Rico. Be-
cause the woodland/shrubland formation
includes some open forest or tree/shrub
mixtures with a grass layer, we disaggre-
gated it to 70 % closed forest, 10 % open
forest, and 20 % shrubs (“other wooded
land”). Using our accuracy assessment
data, we disaggregated the two forest/
shrub/coffee classes to 40 % agriculture
(active sun/shade coffee and other agricul-
ture) and 60 % closed forest (formerly for-
est/shrub) for the first class, and 80 %

closed forest (forest/shrub, abandoned
shade coffee and forest) with 20 % agricul-
ture (active coffee shade) for the second
class. We based our estimates of total
closed forest and coffee agriculture areas
on these disaggregation percentages.

Summary of protected woody vegetation
by formation

To illustrate the usefulness of the forest
formation and land-cover map that re-
sulted from satellite image interpretation,
we quantified island-wide protected extent
of each forest formation. A simple GIS sum-
mary (ERDAS, 1999), which overlaid forest
formation with a digital map of protected
areas (Dragoni, 2002), output the aerial ex-
tent of each forest formation within Fed-
eral, Commonwealth, or private reserve
land.

RESULTS

Mapping forest type and land cover in
Puerto Rico

We mapped 21 forest formations plus
land cover (Fig. 2) and estimate that Pu-
erto Rico (plus the islands of Icacos and
Piñero) had about 364,000 ha of closed for-
est in 1991-92, which composed 41.6 % of
its land area (Table 3). The second most
abundant land cover was pasture and
grassland (36.7 % of the land). Agriculture
and coffee agriculture composed 5.9 % and
2.4 % of the area, respectively, and 10.5 % of
the land reflected urban and developed
land cover. Remaining land covers each
compose <1 % of the island area.

The spatial resolution of Landsat TM was
generally adequate for mapping Carrib-
bean-island woody vegetation formations.
Exceptions included some upland coastal
formations too narrow to be distinct in the
imagery. The Puerto Rico map includes
only a few stands of one coastal shrubland
formation that we manually interpreted be-
cause it mainly occurs in narrow, coastal
bands. The spatial resolution of Landsat
TM also contributed to difficulty resolving
elfin from palm cloud forests where
patches were no more than a few
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TABLE 3. Forest type, land cover, protected areas and proportions, and forest class for two global classification
schemes (GOFC and FAO) for the islands of Puerto Rico, Icacos and Piñero. Numbers identify classes in
Appendix A. Total area of closed forest was about 363,650 ha, or 41.6% of the main island’s area. Total shrubland
area (OW) was 5,734 ha.

No. in
Apdx A Formation and Land Cover

Area
(ha)

Protected

GOFC1 FAO2(ha) (%)7

Forest and shrubland—Dry and Dry/Moist
1 Lowland dry semi-deciduous forest3 16,342 1,248 7.6 4 CF
2 Lowland dry semi-deciduous woodland/shrubland3 22,957 2,044 8.9 3 Mix4

3 Lowland dry mixed evergreen drought-deciduous
shrubland with succulents

1,052 250 23.8 6 OW

4 Lowland dry and moist, mixed seasonal evergreen
sclerophyllous forest with succulents

3,535 1,527 43.2 1 CF

Forest and shrubland—Moist and Moist/Wet
— Lowland moist evergreen hemisclerophyllous shrub-

land
90 45 49.8 2 OW

5 Lowland moist seasonal evergreen forest 55,383 1,093 2.0 6 CF
6 Lowland moist seasonal evergreen forest/shrub 68,348 393 0.6 6 CF
7 Lowland moist coconut palm forest 448 77 17.2 6 CF
8 Lowland moist semi-deciduous forest 5,130 423 8.2 4 CF
9 Lowland moist semi-deciduous forest/shrub 2,081 99 4.8 4 CF

10 Lowland moist and wet, seasonal evergreen and
semi-deciduous forest

25,872 2,933 11.3 5 CF

11 Lowland moist and wet, seasonal evergreen and
semi-deciduous forest/shrub

26,411 857 3.2 5 CF

Forest—Wet, Rain, Lower montane Wet/Rain
12 Submontane and lower montane wet evergreen

sclerophyllous forest
3,064 2.453 80.1 6 CF

13 Submontane and lower montane wet evergreen
sclerophyllous forest/shrub

1,956 1,109 56.7 6 CF

14 Submontane wet evergreen forest 49,790 6,027 12.1 6 CF
15 Active sun and shade coffee, submontane and lower

montane wet forest/shrub, agriculture
26,879 521 1.9 6 Mix5

15 Submontane and lower montane wet evergreen for-
est/shrub, active/abandoned shade coffee

51,926 1,173 2.3 6 Mix6

16 Lower montane wet evergreen forest—tall cloud for-
est

21,299 9,530 44.7 6 CF

17 Lower montane wet evergreen forest—palm and elfin
cloud forest

3,051 2,082 68.2 6 CF

17 Lower montane wet evergreen forest—elfin cloud for-
est

1,104 626 56.7 6 CF

Forest—Flooded
18 Tidally/semi-permanently flooded evergreen sclero-

phyllous forest3
6,838 2,709 39.6 7 CF

19 Seasonally flooded rainforest 319 202 63.3 7 CF

1GOFC classes: 1) Broadleaf evergreen tall shrub, 10-40%; 2) Broadleaf evergreen tall shrub, 60-100%; 3)
Broadleaf mixed tree, 25-40%; 4) Broadleaf mixed tree, 60-100%; 5) Broadleaf evergreen and mixed mosaic tree,
60-100%; 6) Broadleaf evergreen tree, 60-100%; 7) Flooded forest.

2FAO classes: OW—Other wooded land (shrubs); OF—Open forest; CF—Closed forest; AG—Cultivated land.
3Includes Icacos island, which contains 44 ha of class 1, and 5 ha of class 21, and Piñero Island, which contains

49 ha of class 1, 11 ha of class 2, 45 ha of class 18, and 14 ha of class 22.
4Disaggregate: 70% CF, 10% OF, 20% OW.
5Disaggregate: 40% AG, 60% CF (16,127 ha), based on proportions of sub-types in accuracy data: 17% active

sun coffee, 17% and 7% active and abandoned shade coffee, 48% forest/shrub).
6Disaggregate: 20% AG, 80% CF (41,541 ha), based on proportions of sub-types in accuracy data: 2% active sun

coffee, 13% and 9% active and abandoned shade coffee, 49% forest/shrub, 20% forest).
7Percent protected for combining classes 1 and 2-18.4%, classes 5 and 6-1.2%, classes 8 and 9-7.2%, classes 10

and 11-7.2%, classes 12 and 13-63%, and classes 14 and 15-6.0%.
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pixels wide. Also, in more humid parts of
the northwest karst zone, semi-deciduous
forest occurs on the sides and tops of the
steep and narrowly dissected limestone
hills (haystack hills, mogotes). However,
seasonal evergreen forest occurs in the
closely spaced valleys between these hills.
We called these areas “seasonal evergreen
and semi-deciduous forest.” While geology
distinguished this mosaic of two forest for-
mations, Landsat TM seemed too coarse to
resolve the two formations. Additional
woody vegetation formations that occurred
in patches smaller than a few pixels, and
that were impractical to map using Landsat
TM imagery, included sinkhole swamp for-
ests, cactus scrub (Areces-Mallea et al.,
1999), and gallery forest in the dry/moist
serpentine zone.

Accuracy assessment yielded a kappa co-
efficient of agreement of 0.69 ± 0.01 (Ap-
pendix A), which indicates substantial
agreement (Landis and Koch, 1977). This
kappa value estimates agreement after
combining all manually defined agriculture

and hay/pasture into one class, called ag-
riculture/hay/pasture, because their sepa-
rate classification accuracies were low, and
considered observations classified to agri-
culture/hay/pasture when labeled pasture
in reference data. We attribute low accu-
racy estimates for these classes to differ-
ences between photo interpreters. Many ar-
eas of former sugar cane and pineapple are
gradually shifting to hay or pasture, which
causes difficulty in interpretation. In addi-
tion, for the above kappa estimate we com-
bined the mixed palm and elfin forest class
with the elfin forest class. The proportion of
correctly-classified reference observations
(producer’s accuracy) was low for urban/
bare areas (Appendix A). We believe the
source of this error was mixed pixels, be-
cause removing such pixels from a sepa-
rately calculated error analysis increased
producer’s accuracy to 79 %. Many mixed
urban-green vegetation pixels mapped to
pasture.

The major error source in woody vegeta-
tion formation derived from confusion be-

TABLE 3. Continued.

No. in
Apdx A Formation and Land Cover

Area
(ha)

Protected

GOFC1 FAO2(ha) (%)7

Emergent Wetlands, Agriculture and Non-vegetated
20 Tidally flooded evergreen dwarf-shrubland and forb

vegetation
52 0 0.9 — —

21 Other emergent wetlands (includes seasonally
flooded pasture)

5,798 1,187 20.5 — —

26 Salt and mud flats 533 276 51.9
22 Pasture/grass 321,011 3,451 — — —
23 Agriculture/hay/pasture 51,607 703 — — —
24 Urban and bare 91,799 1,013 — — —
25 Sand and rock 2,422 366 15.1 — —
26 Quarries and salt mining 249 44 — — —
— Water 6,348 1,379 21.7

1GOFC classes: 1) Broadleaf evergreen tall shrub, 10-40%; 2) Broadleaf evergreen tall shrub, 60-100%; 3)
Broadleaf mixed tree, 25-40%; 4) Broadleaf mixed tree, 60-100%; 5) Broadleaf evergreen and mixed mosaic tree,
60-100%; 6) Broadleaf evergreen tree, 60-100%; 7) Flooded forest.

2FAO classes: OW—Other wooded land (shrubs); OF—Open forest; CF—Closed forest; AG—Cultivated land.
3Includes Icacos island, which contains 44 ha of class 1, and 5 ha of class 21, and Piñero Island, which contains

49 ha of class 1, 11 ha of class 2, 45 ha of class 18, and 14 ha of class 22.
4Disaggregate: 70% CF, 10% OF, 20% OW.
5Disaggregate: 40% AG, 60% CF (16,127 ha), based on proportions of sub-types in accuracy data: 17% active

sun coffee, 17% and 7% active and abandoned shade coffee, 48% forest/shrub).
6Disaggregate: 20% AG, 80% CF (41,541 ha), based on proportions of sub-types in accuracy data: 2% active sun

coffee, 13% and 9% active and abandoned shade coffee, 49% forest/shrub, 20% forest).
7Percent protected for combining classes 1 and 2-18.4%, classes 5 and 6-12%, classes 8 and 9-7.2%, classes 10

and 11-7.2%, classes 12 and 13-63%, and classes 14 and 15-6.0%.
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FIG. 2. Map of Puerto Rico natural vegetation and land cover.
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tween forest successional stages within the
same ecological zone. Combining forest
with forest/shrub or woodland/shrubland
within each image mapping zone signifi-
cantly improved agreement to a kappa co-
efficient of 0.79 ± 0.01; for forest formations,
it also yielded user’s and producer’s accu-
racies between 62 % and 92 %. Additional
error derived from confusion between ad-
jacent forest formations, such as confusion
between lowland moist seasonal evergreen
and submontane wet evergreen forest, and
misclassification as pasture of some recov-
ering or previously little disturbed shrub
vegetation on limestone hilltops. Spectral
signatures similar to pasture apparently re-
flected poor soils, where potential biomass
accumulation or recovery rates are low. We
also noted confusion between pasture and
the higher-elevation mixed class that in-
cluded active sun/shade coffee, submon-
tane/lower montane wet forest/shrub, and
other agriculture.

Protection of Puerto Rico’s forest formations

Protection of natural vegetation forma-
tions ranges from about 0.6-2 % for lowland
moist, seasonal evergreen forest formations
(not including abandoned coconut palm
plantations), to 56.7-80.0 % for submontane
and lower montane wet evergreen sclero-
phyllous forest formations on serpentine
substrates. Percentages of protected forest
were lowest for moist seasonal evergreen
forest formations. The extensive woody
vegetation mosaic of active and abandoned
shade coffee and forest/shrub has a pro-
tected proportion of 1.9-2.3 %. The overall
protected proportion of Puerto Rico, Icacos
and Piñero is about 5.2 %, including Fed-
eral, Commonwealth and private reserve
lands.

DISCUSSION

Approach to image interpretation

Our approach to satellite-image based
mapping of land cover and forest type ad-
dressed several related challenges in com-
plex tropical areas. A major challenge is
complex topography and geology, its asso-

ciated variation in vegetation formations,
and the resulting spectral confusion be-
tween vegetation types. First, separating
reference observations into sunlit vs. shad-
owed slopes likely improved land cover
distinction (Helmer et al., 2000). Second,
segmenting the image interpretation
helped overcome the problem of spectral
confusion among land covers and forest
types; for example, the segmented ap-
proach allowed distinction between dry
semi-deciduous woody formations and
young forest or pasture occurring in wetter
zones. Incorporating geology into the im-
age mapping zones separated the unique
forest formations developed on serpentine
and karst substrates. Submontane wet ev-
ergreen forests on serpentine, for example,
would have otherwise been confused with
tidally flooded forested wetlands. Rainfall
identified areas where limestone hill veg-
etation becomes mostly lowland moist
semi-deciduous forest or forest/shrub, as
opposed to a mosaic with seasonal ever-
green forest. Third, adding an elevation
band to the submontane-lower montane
image mapping zone allowed distinction
between cloud forest formations vs. dis-
turbed forest at lower elevations, and
dense-canopied submontane vs. lower
montane wet cloud forests. The accuracy
assessment results helped to validate our
segmented approach to mapping forest for-
mation, but they also indicated that map-
ping of forest successional stages was less
reliable. Finally, manually delineating
some agriculture relieved its confusion
with forest or urban areas.

With regard to challenges of spatial scale
and class resolution, mapping floristically-
defined forest communities, remnant old-
growth forest, or certain forest types that
occur in patches smaller than a few pixels,
would require more field surveys and
could benefit from imagery with finer spa-
tial resolution than Landsat TM.

The segmented approach permitted
mapping forest formations simultaneously
with land cover. Unlike previous island-
wide mapping, this map better identifies
the spatial distributions of forest for-
mations where certain groups of endemic
species occur. Previous work has mapped
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ecological zones or land cover plus cover-
based woody vegetation classes and man-
grove. Although distinguishing forest suc-
cessional stages was less successful, the
map resulting from the approach presents
the most detailed picture to date of Puerto
Rico’s natural vegetation and land cover. A
drawback of our approach is that the image
mapping zones not only segmented our
classification, but also defined the extents
of some formations and therefore could
only approximate the boundaries between
them. The resulting visible and even
boundaries between zones could more re-
alistically depict patchy ecotone shifts in
forest formation. The approach also re-
sulted in misclassification of coffee cultiva-
tion that extended into moist forest zones
(see Appendix A). Integrating spectral data
with continuous climate and elevation data
using machine-learning algorithms (e.g.
Muchoney et al., 2000), along with incorpo-
rating more extensive field-derived refer-
ence observations from transitional areas,
could yield maps that more realistically de-
pict patchy and uneven transitions between
forest formations.

Protection of natural vegetation in
Puerto Rico

Our detailed vegetation map identified
an uneven distribution of reserve areas
across forest formations. It indicates that
only 1.2 % of lowland moist seasonal ever-
green forest or forest/shrub are protected
(Table 3). Generally, these forests occur at
lower elevations where rates of land-cover
conversion to urban and developed lands
are highest (López et al., 2001). Some forest
types in Puerto Rico are well-protected, in-
cluding 45 to 68 % of cloud forest types and
43 to 80 % of the sclerophyllous forests that
develop on serpentine substrates (Table 3).
However, quarries in serpentine areas oc-
cur immediately adjacent to reserve areas
and therefore require monitoring. Exten-
sive wetland draining and forested wetland
clearing has occurred for agriculture or
other uses (Lugo and Brown, 1988). Exclud-
ing riparian wetlands, about 20 % to 63 %
of remaining forested or non-forested wet-
lands receive protection (Table 3).
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APPENDIX A. Error matrix for 2303 accuracy assessment observations for 26 classes. Observations within the four- to six-cell shaded blocks collapse to one cell
for the 19 classes that result from collapsing forest successional stages within 6 classification zones. Overall accuracies (Po) and kappa coefficients of agreement,
respectively, are 71% and 0.69 ± 0.01 for 26 classes and 83% and 0.79 ± 0.01 for 19 classes. The variance estimates for kappa do not account for lack of independence
among secondary sampling units within clusters (Stehman and Czaplewski 1998).

Class

Reference

User’s accuracy %

Number of classes

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 26 19

1 41 7 — — — — 16 — — — — — — — — — — 6 — — — — — — — — 59
76

2 14 52 1 — — — — — — — — — — — — — — 1 — — — 12 — — — — 65
3 4 7 32 — — — — — — — — — — — — — — — — — — 4 — 6 — — 60
4 — — — 40 — — — — — — — — 5 — — — — — — — — 5 — 7 1 — 69
5 — — — — 31 35 1 3 — — — — — 6 — — — 3 1 — 1 5 3 — — — 35

70
6 — — — — 3 41 — — — — — — — 8 9 — — — — — — 4 — 2 — — 61
7 — — — — 7 — 43 — — — — — — — — — — — — — — — — — — 1 84
8 — — — — — — — 80 5 1 — — — — — — — — — — — — — — — — 93

98
9 — — — — — — — 16 26 — — — — — — — — — — — — 1 — 1 — — 59

10 — — — — — 3 — — — 30 18 — — — 5 — — — — — — — — — — — 54
73

11 — — — — 9 4 — — 5 17 28 — — — 4 — — — — — — 5 — — — — 39
12 — — — — — — — — — — — 35 21 — — — — — — — — — — — — — 62

91
13 — — — 4 — — — — — — — 11 20 — 1 — — — — — — 4 — — — — 50
14 — — — — 2 2 — — — — — — 3 45 22 — — — — — — 4 — — — — 58

92
15 — — — — 2 1 — — — — — — — 22 156 — 1 — — — — 5 — 4 — — 82
16 — — — — — — — — — — — — — 10 25 53 6 — — — — — — — — — 56
17 — — — — — — — — — — — — — — 10 21 56 — — — — — — — — — 64
18 9 — — — 4 — 3 — — — — — — — — — — 41 — — — — — 2 — — 70
19 — — — — — 8 — — — — — — — — — — — — 21 — — 1 — — — — 70
20 — — — — — — 1 — — — — — — — — — — — — 18 — — — — — — 95
21 — — — — — — — — — — — — — — — — — 2 — — 61 — — — — 5 90
22 — 13 — — 2 8 — 4 11 2 1 — 1 2 8 — — 1 — 1 4 135 9 21 — 2 60
23 — — — — — — — — — 1 — — — — — — — — — 3 — — 338 12 — — 95
24 — — 3 1 — — 3 — — — 3 — 2 — 1 — — 9 — — — 21 2 86 — — 66
25 — — — — — — — — — — — — — — — — — 1 — — — — — 2 56 — 95
26 — — — — — — 1 — — — — — — — — — — 2 — — — 1 1 9 8 65 76

Producers
accuracy
%

19
classes

60 66 89 89 52 40 63 78 55 59 56 76 39 48 65 72 89 62 95 82 92 65 96 57 86 89 Po = 71%

26
classes

78 68 85 92 89 82 Po = 83%
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